Electron motion in crystals is governed by the coupling between crystal momentum and internal degrees of freedom such as spin implicit in the band structure. The description of this coupling in terms of a momentumdependent effective field and the resultant Berry phase has renovated the understanding of diverse phenomena including various Hall effects, which underlies the discovery of new states of matter exemplified by topological insulators [1, 2] . While experimental studies on topological systems have focused on the gapless states that emerge at the surfaces or edges, the underlying nontrivial topology in the bulk has not been manifested. Here we report the observation of Berry's phase in magneto-oscillations and quantum Hall effects of a coupled electronhole system hosted in quantum wells with inverted bands. In contrast to massless Dirac fermions in graphene, for which Berry's phase Γ is quantized at π [3, 4] , we observe that Γ varies with the Fermi level E F , passing through π as E F traverses the energy gap that opens due to electron-hole hybridization. We show that the evolution of Γ is a manifestation of the pseudospin texture that encodes the momentum-dependent electron-hole coupling and is therefore a signature of the nontrivial band topology. Our results suggest a way to engineering Berry curvature exploiting the bulk states, which may provide new functionalities in spintronics applications.
Bringing the concept of topology into band theory has opened a new paradigm in classifying and distinguishing states of matter [1, 2] . Unlike broken-symmetry states, which are characterized by a local quantity-the order parameter, topological phases are distinguished by an integer referred to as topological invariants that characterize the global properties of the band structure independent of material details. In two spatial dimensions, the topology of an electronic band can be characterized using the integer known as as the Chern number [5] [6] [7] [8] , which is defined for a given band as the integral of the Berry curvature over the first Brillouin zone, giving its contribution to the transverse conductivity in units of e 2 /h. (e is the elementary charge and h is Planck's constant.) Bulk-edge correspondence prescribes that the number of gapless edge modes equals the Chern number C of the bulk. Two-dimensional (2D) time-reversal invariant topological insulators (TIs), or quantum spin Hall insulators, characterized by their helical edge modes with up and down spins moving in the opposite directions, can be thought of as a superposition of two integer quantum Hall (QH) systems with C = ±1 being the time-reversal counterpart of each other. Experimental studies aiming to establish hallmarks of 2D TIs in HgTe/CdTe [9, 10] and InAs/GaSb quantum wells (QWs) [11, 12] and various 2D materials [13] [14] [15] [16] have so far focused on their edge properties. However, signatures of nontrivial band topology of the bulk that underlies the existence of the edge modes has not been demonstrated.
We report here the observation of Berry's phase that signifies the nontrivial band topology of a coupled electron-hole system in InAs/InGaSb QWs in the inverted regime. The Berry's phase, obtained from the phase offsets of Shubnikovde Haas (SdH) oscillations and QH effects, varies from 0 to 2π as the Fermi level E F is tuned across the energy gap that forms due to electron-hole hybridization. We interpret the emergence of the π Berry phase as resulting from the evolution of the pseudospin which describes the electron-hole coupling under band inversion, and its variation with E F as a manifestation of the Berry curvature.
The topological nature of 2D TIs arises from the band inversion between the first electron (E1) and heavy-hole (HH1) subbands, which can be captured by the four-band effective Hamiltonian introduced by Bernevig, Hughes, and Zhang (BHZ) to predict the 2D TI phase in HgTe/CdTe QWs [2, 10, 17] . For the basis of |E1, ↑ , |HH1, ↑ , |E1, ↓ , and |HH1, ↓ (↑ and ↓ represents the spin up and down states), it takes the form of
where I 2×2 is the 2 × 2 identity matrix and ε(k) = C − Dk 2 with k = |k| and
is the effective field that acts on the pseudospin describing the electron-hole orbital degree of freedom, with σ = (σ 1 , σ 2 , σ 3 ) the Pauli matrices. C is a constant which only shifts the energies of all states together, whereas A , B, D, and M are material and layer-structure dependent parameters that determine the band structure. The upper and lower 2 × 2 blocks of H (k) are related by time-reversal symmetry, thus yielding twofold degenerate energy bands
for a system with inversion symmetry. Figure 1a shows an example of energy dispersion with the inverted band ordering that occurs for M B > 0 [2] . The nontrivial topology embedded in these bands can be visualized by plotting the direction of the pseudospin in the momentum space [18] (Fig. 1b) . The pseudospin gradually changes direction from down to up (or up to down) on moving away from k = 0, taking a vortex-like configuration at where the out-of-plane component of the effective field d 3 (k) (= M − Bk 2 ) vanishes and changes sign. The overall structures are exactly that of a skyrmion [18] . The lower bands E − (k) with up and down spins have Chern numbers C ↑ = +1 and C ↓ = −1, respectively, which underlie the quantum spin Hall effect that would occur if E F is in the gap (i.e., if only these bands are filled) [2] . Our focus is the case where E F is tuned slightly away from the gap so that quasiparticles carry current through the bulk. Under a perpendicular field, the quasiparticles move along the Fermi contours in the momentum space (Fig. 1d) . When completing a closed loop, they acquire Berry's phase Γ, proportional to the Berry curvature integrated over the area enclosed by the loop. Γ equals half the solid angle subtended by the pseudospin while it goes around the loop, and is given by [19] (Fig. 1c) . We emphasize that, while Γ ↑,↓ ± can generally take non-zero values, it passes through π only in the case of inverted bands [19] . It is this phase evolution that we demonstrate in this study as a hallmark of the nontrivial band topology in the bulk.
The system we study is a semiconductor heterostructure comprising 10-nm-thick InAs and 6-nm-thick In 0.25 Ga 0.75 Sb sandwiched between AlSb barriers, characterized by its "type-II" band alignment with the conduction band bottom of InAs located below the valence band top of In 0.25 Ga 0.75 Sb (Fig. 2a,  upper panel) [20, 21] . For the layer thicknesses used here, the system is in the inverted regime; the lowest electron level (E1) is below the highest heavy-hole level (HH1) at k = 0, where they are confined separately in the InAs and In 0.25 Ga 0.75 Sb layers (Fig. 2a, lower panel) . The Dirac term in Eq. (1) proportional to A mixes electron and hole wave functions at finite k, thereby opening a hybridization gap between E + (k) and E − (k). For small |A | (< 2(D − B)|M |) as in the InAs/(In)GaSb system, the gap minimum occurs at a finite k (= M /B) (Fig. 1a) [22] . This results in two concentric Fermi circles (Fig. 1d) , generating electronlike and holelike quasiparticles which coexist over a range of E F near the hybridization gap. We tune E F and hence the electron and hole densities (n e and n h ) using front-gate voltage V g . Figure 2b shows a color-scale plot of the longitudinal resistance R xx measured at 20 mK as a function of V g and magnetic field B applied perpendicular to the sample. The large resistance peak at V g ∼ 0 V corresponds to the charge neutrality point (CNP), where E F traverses the gap so that n e and n h become equal. R xx oscillates with B and V g in a complex manner, reflecting the coexistence of electrons and holes. With increasing B, R xx minima deepen and develop into wide QH regions with vanishing R xx and plateaus in the Hall resistance R xy (Fig. 2d) . In previous studies on electron-hole systems in InAs/GaSb QWs, QH effects were observed when the filling factors of the electron and hole Landau levels (LLs), ν j = n j h/eB ( j = e, h), were both integer [23] , which indicated that electrons and holes independently formed LLs. The Hall conductance σ xy was then quantized to ν net e 2 /h, with ν net = n net h/eB = (n e − n h )h/eB the net filling factor. The Fourier power spectra of R xx vs 1/B reveal the Fermi contour areas, from which we obtain n e and n h (and hence n net ) as a function of V g (Fig. 2c) [20] . The (V g , B) map of R xx in Fig. 2b confirms that QH regions at high fields as well as R xx minima at low fields appear along the lines indicating ν net being integer. However, examining the filling factors of the individual carriers reveals nontrivial behavior. Figure 3 shows the (V g , B) map of the longitudinal conductivity σ xx near the CNP, calculated from the measured R xx and R xy . The red (blue) lines represent the field at which ν e (ν h ) becomes integer at each V g . While σ xx minima and QH regions are located close to integer fillings at V g away from the CNP, they start to deviate from the expected positions, become completely out of phase near the CNP. This indicates that each carrier acquires a large nonzero Berry phase near the CNP. It is important to note that, for a given E F near the CNP (−1.2 ≤ V g 0.6 V), only LLs from one spin sector are involved in transport [20] . This happens because electron and hole LLs hybridize differently in the two spin sectors, leaving only spin-down (spin-up) LLs right above (below) the gap (Fig. 2e) [24] . This allows us to ignore the spin degree of freedom in our discussion.
As the R xx oscillations in Fig. 2a contain two close frequencies associated with the electronlike and holelike Fermi contours, the standard method to determine Berry's phase from the field positions of oscillation minima at a given V g cannot be used. We therefore focus on each point of σ xx minima in the (V g , B) map, which corresponds to oscillation minima for both carriers. Using the field position B min of the σ xx minimum and the SdH oscillation frequency F ( j) for each carrier ( j = e, h) at the relevant V g , Berry's phase can be deduced as
, where N is an integer which we chose so that 0 ≤ Γ ( j) < 2π. The Γ ( j) values extracted from several σ xx minima at −1.2 ≤ V g ≤ 0.63 V are plotted as a function of V g (Fig. 4a) and Fermi wave number k (Fig. 4b) , where
is the Fermi contour area. Note that in a magnetic field quasiparticles belonging to holelike orbits enclosing states with higher energies move in the opposite direction in the momentum space (Fig. 4a, inset) . We therefore took Γ (h) = −Γ (e) ( mod 2π) for the theoretical curve in Fig. 4b . Our analysis reveals that Γ ( j) varies between 0 and 2π, passing through π, as predicted by the BHZ model. We note that the π Berry phase observed near the CNP is consistent with the recent theory of de Haas-van Alphen effect in narrow-gap topological insulators [25] , which, using a similar Hamiltonian, predicts π Berry phase for in-gap oscillations.
A caveat should be mentioned here. Our analysis is based on a Hamiltonian in which the spin-orbit coupling between the upper and lower 2 × 2 blocks is neglected. In reality, spin-orbit coupling exists, which at B = 0 lifts the twofold degeneracy away from k = 0 due to the structural inversion asymmetry [22] . However, as shown in Fig. 2e , due to the spin-dependent electron-hole coupling, LLs from different spin sectors are energetically well separated around the CNP, which makes our analysis a reasonably good approximation.
It is essential that Berry's phase observed here is associated with pseudospin and not real spin. Since real spins are tilted toward the magnetic field by the Zeeman coupling, the associated Berry phase is necessarily reduced below π. Recently, a nonzero Berry phase of Γ = 0.3π was reported for a similar electron-hole system in InAs/GaSb QWs [26] , which was discussed in terms of spin-momentum locking due to the Rashbatype spin-orbit coupling. The variation of Berry's phase as a function of gate voltage around the CNP (Fig. 4) demonstrates that it originates from the winding of a pseudospin and not real spin. We add that, away from the CNP, field-induced interlayer charge transfer may cause a phase slip in SdH os- cillations [27] , which is not relevant near the CNP. While π Berry phase has been reported for a HgTe/CdTe QW at the critical thickness designed to minic massless Dirac fermions in graphene [28] , the continuous evolution of Γ with E F , expected from Eq. (3) for inverted HgTe/CdTe QWs, has not been demonstrated. Since HgTe/CdTe QWs usually have a single carrier, either electron or hole, Berry's phase appears only in the relative strength of even and odd integer fillings [28] ; a distinct phase shift becomes visible only in wide QWs where another subband is involved [29] . In graphene, Berry's phase is quantized at π [3, 4] , independent of E F , as there is no Berry curvature around the Dirac point. The variation of Γ around the CNP observed in our InAs/InGaSb QW, in turn, is a manifestation of a large Berry curvature that exists near the hybridization gap. Thus, our result suggests a way to engineer a Berry curvature that emerges in the bulk of topological systems, which could be exploited for nontrivial pseudospin-dependent transport and add new functionalities in spintronics applications.
Methods
The heterostructure was grown by molecular-beam epitaxy on a Si-doped GaAs (001) substrate. The QW consists of a 10-nm InAs top layer and a 6-nm In 0.25 Ga 0.75 Sb bottom layer, grown pseudomorphically on a fully relaxed 800-nmthick AlSb buffer layer, and capped with 50-nm AlSb and 5-nm GaSb. The sample was processed into a 50-µm-wide Hall bar with voltage-probe distance of 180 µm. Ohmic contacts are made after etching down to the InAs layer and depositing Ti/Au and lift off. The Hall bar was fitted with a Ti/Au front gate fabricated on an atomic-layer deposited 40-nm-thick Al 2 O 3 insulator. In 0.25 Ga 0.75 Sb has a lattice constant 0.82% larger than that of AlSb, which induces in-plane compressive strain in the InGaSb layer. As shown Ref. [20] , a larger hybridization gap can be obtained by virtue of the strain-induced band engineering. Transport measurements were performed using a lock-in technique with the excitation current of 1-20 nA.
